Lipid transport is an essential process with manifest importance to human health and disease. Phospholipid flippases (P4-ATPases) transport lipids across the membrane bilayer and are involved in signal transduction, cell division, and vesicular transport. Mutations in flippase genes cause or contribute to a host of diseases, such as cholestasis, neurological deficits, immunological dysfunction, and metabolic disorders. Genomewide association studies have shown that ATP10A and ATP10D variants are associated with an increased risk of diabetes, obesity, myocardial infarction, and atherosclerosis. Moreover, ATP10D SNPs are associated with elevated levels of glucosylceramide (GlcCer) in plasma from diverse European populations. Although sphingolipids strongly contribute to metabolic disease, little is known about how GlcCer is transported across cell membranes. Here, we identify a conserved clade of P4-ATPases from Saccharomyces cerevisiae (Dnf1, Dnf2) , Schizosaccharomyces pombe (Dnf2), and Homo sapiens (ATP10A, ATP10D) that transport GlcCer bearing an sn2 acyl-linked fluorescent tag. Further, we establish structural determinants necessary for recognition of this sphingolipid substrate. Using enzyme chimeras and site-directed mutagenesis, we observed that residues in transmembrane (TM) segments 1, 4, and 6 contribute to GlcCer selection, with a conserved glutamine in the center of TM4 playing an essential role. Our molecular observations help refine models for substrate translocation by P4-ATPases, clarify the relationship between these flippases and human disease, and have fundamental implications for membrane organization and sphingolipid homeostasis. 3 The abbreviations used are:
Phospholipid flippases in the P4-ATPase family establish and repair the phospholipid asymmetry of cellular membranes and facilitate import of phospholipid from extracellular sources (1) . These enzymes are integral membrane proteins that harness energy from ATP catalysis to translocate lipids from the exofacial leaflet to the cytofacial leaflet of cellular membranes. There are 14 distinct P4-ATPases in humans with important differences in tissue-specific expression, subcellular localization, and substrate specificity (2) . These differences in P4-ATPase localization and enzymology are important for coordinating physiological processes, and their impairment results in diverse pathologies (3) . For example, the P4-ATPase ATP8B1 transports phosphatidylcholine at the apical membrane of canalicular hepatocytes (4) , and mutations in the ATP8B1 gene lead to membrane damage and hepatic cholestasis (3, 5) . Conversely, ATP8A2 translocates phosphatidylserine within the central nervous system, and mutations in ATP8A2 cause cerebellar ataxia mental retardation and disequilibrium syndrome in humans and motor neuron degeneration in mice (6 -8) . Thus, defining the substrate specificity of the P4-ATPases is crucial to understanding their role in disease.
Genome-wide association (GWA) 3 studies have found that SNPs in the human P4-ATPase genes ATP10A and ATP10D are strongly linked with metabolic disease. One GWA study of nondiabetic African American patients identified two SNPs in ATP10A that associated with insulin resistance (9) , whereas two GWA studies of European and Japanese populations have revealed strong associations between commonly found ATP10D SNPs and both myocardial infarction and atherosclerosis (10, 11) . Importantly, analyses of plasma sphingolipids from over 4000 individuals revealed a specific elevation in glucosylceramide (GlcCer) levels associated with ATP10D SNPs (10) .
Mouse models with Atp10a and Atp10d mutations also demonstrate a link to metabolic disease. Two mouse strains with Atp10a mutations (formerly known as Atp10c) are susceptible to diet-induced insulin resistance and obesity (12, 13) . Additionally, the C57BL/6 mouse strain, which carries a premature stop codon in an Atp10d exon (14) , is specifically prone to develop obesity, hyperglycemia, and hyperinsulinemia under a high-fat diet (15) , and these metabolic phenotypes can be atten- Tables S1-S4, and Figs. S1-S12. 1 Both authors contributed equally to this work. 2 To whom correspondence should be addressed: Dept. of Biological Sciences, Vanderbilt University, Nashville, TN 37235. Tel.: 615-343-1835; E-mail: tr.graham@vanderbilt.edu.
uated by the transgenic complementation of Atp10d (16) . Lipidomic examinations of Atp10d-deficient mice demonstrated that GlcCer was elevated in mouse plasma, similar to the human patients, and that complementation with the Atp10d transgene also mitigated this increase (16) . No substrates have been reported for the enzyme ATP10D. P4-ATPases were presumed to selectively translocate glycerophospholipids and not sphingolipids; therefore, the molecular basis for the links between ATP10D and GlcCer was mysterious. In addition, the ATP10D-related P4-ATPases in Saccharomyces cerevisiae (Dnf1 and Dnf2) are part of a regulatory circuit that controls sphingolipid synthesis through an as-yet-unclear mechanism (17) . Sphingolipids are divided into four classes: (i) sphingoid bases, (ii) ceramides, (iii) phosphosphingolipids, and (iv) glycosphingolipids (18) . GlcCer is the central metabolite between two of these major classes, the ceramides and glycosphingolipids. GlcCer is one commonly found sphingolipid in the circulation, although its transport to and from target tissues is poorly understood. Like ceramide, GlcCer is carried through the body by lipoproteins (19) , although its amphipathic chemistry suggests that it requires active transport for absorption and distribution across the membranes of target tissues. Identifying and characterizing GlcCer transporters will be essential for testing the systemic and tissue-specific roles of this lipid in metabolic disease.
In previous studies, we and others have examined the molecular determinants of P4-ATPase substrate specificity (20 -22) . The yeast P4-ATPases in particular have been indispensable for understanding how phospholipid headgroups and backbones are coordinated/selected during transport. In this study, we have identified a conserved clade of yeast and human P4-ATPases that transport GlcCer. Further, a central glutamine in TM4 is conserved in all identified GlcCer-flippases and is necessary for GlcCer but not glycerophospholipid transport. Identifying and characterizing these transporters significantly advances our understanding of systemic lipid delivery in mammals and provides the enzymological basis for targeted pharmaceutical development. We propose that these enzymes function as critical sphingolipid importers within fungi and humans and that GlcCer transport likely evolved to support cellular lipid homeostasis.
Results

Fungal P4-ATPases transport glycosphingolipids
Dnf1 and Dnf2 are two related P4-ATPases that localize to the plasma membrane of Saccharomyces cerevisiae and transport phosphatidylcholine (PC) and phosphatidylethanolamine (PE). To probe how P4-ATPases distinguish glycerophospholipids from sphingolipids, we previously mutagenized the budding yeast P4-ATPase Dnf1 and selected variants capable of transporting sphingomyelin (SM). Gain-of-function mutations were identified (Dnf1 N200S,L1202P ) that changed the substrate preference of Dnf1 from PC/PE to SM (23) . While testing the specificity of these SM-permissive Dnf1 mutants, we surprisingly discovered an existing capacity for WT Dnf1 to transport GlcCer and galactosylceramide (GalCer) (Fig. S1 ). Therefore, we broadly examined the requirement for Dnf1 and Dnf2 in sphingolipid transport relative to known substrates using WT; dnf1⌬; dnf2⌬; and dnf1,2⌬ knockout (KO) strains. As previously reported, (7-nitro-2-1,3-benzoxadiazol-4-yl)-PC (NBD-PC) and NBD-PE transport progressively decreased in each KO strain ( Fig. 1A and Fig. S2D ) (24) . WT S. cerevisiae surprisingly transported substantially more NBD-GlcCer and NBD-GalCer than NBD-PC, which was thought to be the preferred substrate for Dnf1 and Dnf2. Dnf2 is the primary NBD-GlcCer transporter at the plasma membrane because dnf2⌬ caused the greatest reduction in transport relative to WT cells. Lem3 forms a heterodimer complex with both Dnf1 and Dnf2 that is necessary for their exit from the endoplasmic reticulum, and deletions of this gene are known to impair Dnf1,2-dependent lipid transport (25, 26) . We tested the role of lem3 in glycosphingolipid transport and found that it recapitulated the transport defects of the dnf1,2⌬ strain but did not enhance this defect in a dnf1,2⌬ lem3⌬ strain ( Fig. S2C ).
After uptake, NBD-GlcCer accumulated in the mitochondria ( Fig. 1B) and was stable for up to 2 h after administration ( Fig.  S3 ). NBD-GlcCer was not found to accumulate in the ER or endosomes regardless of P4-ATPase expression ( Fig. S4 ). None of the P4-ATPase KO strains displayed a decrease in NBD-SM, NBD-ceramide (Cer), or NBD-lactosylceramide (LacCer) transport ( Fig. 1A ), suggesting that these lipids are not Dnf1 or Dnf2 substrates. These experiments demonstrate that the Dnf1 and Dnf2 flippases are capable of transporting monosaccharide but not disaccharide glycosphingolipids.
The magnitude of NBD-GlcCer uptake suggested that it may be the preferred substrate of Dnf1 and Dnf2. Therefore, we measured the kinetics of NBD-PC, NBD-GlcCer, and NBD-GalCer transport ( Fig. 1 , C-E). Plasmid-borne DNF1 and DNF2 constructs complemented lipid transport in a dnf1,2⌬ strain ( Fig. S2A ) and were used to normalize the genetic background to empty vector controls. Dnf1 transported NBD-PC and NBD-GlcCer at equivalent rates and NBD-GalCer to a lesser extent ( Fig. 1 , C and E). Comparatively, Dnf2 transported NBD-GlcCer at twice the rate of NBD-PC and NBD-GalCer ( Fig. 1 , D and E). Competition assays demonstrated that GlcCer lacking the N-acyl chain and NBD was capable of acutely inhibiting NBD-GlcCer uptake by Dnf2 ( Fig. S2E ), implying that the enzyme is capable of recognizing unmodified glycosphingolipid.
We then examined a distantly related fungal species, Schizosaccharomyces pombe, to test the conservation of P4-ATPasemediated GlcCer transport. Measurements of NBD-lipid transport in S. pombe revealed robust uptake of GlcCer and GalCer, surpassing that of WT S. cerevisiae ( Fig. 1F and Fig. S2 , B and D). Deleting the S. pombe DNF2 ortholog elicited a substantial reduction in glycosphingolipid transport ( Fig. 1F and Fig. S2 (B and D)). Surprisingly, S. pombe Dnf2 did not transport NBD-PC or NBD-PE, indicating that GlcCer/GalCer transport is the conserved function of this fungal Dnf2.
Human P4-ATPases specifically transport glucosylceramide
Eight of the 14 human P4-ATPases localize to the plasma membrane (27) (28) (29) and were tested for the ability to transport sphingolipids across the plasma membrane of HeLa cells ( Fig. 2 (A-C) and Fig. S5 ). No substrate had previously been reported
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for ATP10D, yet this flippase was capable of transporting NBD-GlcCer ( Fig. 2 , A, C, and D) with exquisite specificity; NBD-GalCer was not transported ( Fig. 2A ). The ATP10D E215Q mutant lacks ATPase activity, and its inability to transport NBD-GlcCer demonstrates that translocation requires ATP catalysis ( Fig. 2B ). ATP10A preferred NBD-PC as previously reported ( Fig. 2C) (30, 31) , but measuring the kinetics of GlcCer uptake relative to parental (Ϫ) and ATP10D E215Q controls revealed that ATP10A was also capable of transporting NBD-GlcCer, although at half the rate of ATP10D (Fig. 2 , D and E).
TM1 and TM4 participate in GlcCer transport
P4-ATPase substrate selection and transport are coordinated by the first six transmembrane (TM) domains, and chimeric mapping of these segments has been a productive strategy for dissecting P4-ATPase enzymology (20, 32, 33) . We used a series of chimeras between Dnf1 and Drs2 (a phosphatidylserine flippase (34)) to broadly map the transmembrane segments required for NBD-GlcCer transport (20) . Dnf1 chimeras bearing Drs2 TM segments 1-4 displayed a significant reduction in NBD-GlcCer transport and 2-fold changes to the ratio of GlcCer to PC (a measure of substrate preference) ( Fig. S6) . A focused examination of these regions revealed one motif in TM1 (GA) and two in TM4 (WVAV and YQS) that were particularly important for GlcCer preference (Fig. S7 ). Two additional regions in the lumenal loop connecting TM1 and -2 (LL1-2) impaired both PC and GlcCer transport equivalently and thus were considered general loss of function ( Fig. S7A) .
Dnf2 is the primary PM-localized GlcCer transporter in S. cerevisiae (Fig. 1, A and D) , and its transport activity provides a greater dynamic range of responses. All three GlcCer motifs are conserved in the Dnf1 paralog, Dnf2 (Fig. S7D ); therefore, we performed a more thorough examination of these motifs in Dnf2. P4-ATPase homology models predict that the GA motif is positioned near the membrane/exoplasmic interface of TM1 ( Fig. 4E ). A sequence Logo and alignment illustrate the variability of this motif and the surrounding area ( Fig. 3, A and B) . Substitutions at the glycine and alanine positions reduced the GlcCer/PC transport ratio but did not impact PC or PE transport ( Fig. 3 , C and D). Double mutants in this region had the most profound impact on GlcCer preference and transport ( Fig. 3 , E and F). We previously linked the QQ motif at this same position to phosphatidylserine selection in Drs2, a Golgi-resident P4-ATPase (33) . Additionally, the exoplasmic region of TM1 was also involved in substrate coordination and trans- 
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port in a human phosphatidylserine-translocating P4-ATPase, ATP8A2 (35) , although the QQ motif was not directly examined. These studies collectively indicate that this GA/QQ motif in TM1 is an important component of GlcCer/PS recognition but does not contribute to PE/PC selection. TM4 is predicted to be a long ␣-helix, broken in the center by a conserved proline found in all P-type ATPases; the WVAV and YQS motifs are exoplasmic relative to this central proline ( Fig. 4E ). Replacing WVAV in Dnf1 with LTFW from Drs2 reduced PC transport and eliminated GlcCer selection ( Fig.  S7B ). However, single-position mutations in the WVAV motif of Dnf2 did not alter GlcCer preference or selection (Fig. S8 , C and D), suggesting that the general integrity of this region may be more critical to lipid transport than individual amino acid side chains.
The YQS motif of TM4 is a functionally conserved island of polarity flanked by numerous hydrophobic residues (Fig. 4, A  and B) . Tyr 654 mutations modestly influenced GlcCer selection, but changes to Ser 656 , including a Ser to Thr mutation, caused a more substantial and specific loss of GlcCer transport (Fig. 4 , C and D). However, altering the central glutamine (Dnf2 Q655A/N ) elicited the strongest perturbation of GlcCer preference and 
transport (Fig. 4, C and D) . The single hydrocarbon truncation of a glutamine to asparagine ablated GlcCer transport without substantially altering PC selection (Fig. 4, C and D) . Gln 655 is conserved in all five of the newly established GlcCer P4-ATPases (S. cerevisiae Dnf1 and Dnf2, S. pombe Dnf2, and Homo sapiens ATP10A and ATP10D; Figs. 1 and 2). These results demonstrate the importance of Gln 655 in GlcCer recognition and suggest that it is a conserved determinant of GlcCer translocation. Dnf2 Q655 precedes the conserved TM4 proline by four residues and thus will be called the ProϪ4 position.
Conserved requirement for the Pro؊4 glutamine and neighboring residues
Based on a Dnf1 homology model (23), we mutated residues predicted to surround the ProϪ4 position in TM1, -2, -3, and -6 and tested their influence on GlcCer versus glycerophospholipid transport (Fig. 5 , A-C). Two residues were mutated in TM1, one in TM2, two in TM3, and four in TM6 (Fig. 5 , D and E). No change in GlcCer coordination was noted for the mutations in TM3 (Fig. 5, D and E) . In contrast, all positions tested within TM1 and TM2 (mutations at Phe 261 , Leu 264 , and Leu 285 ) decreased GlcCer preference (Fig. 5 , D and E). Four residues were mutated in TM6, revealing three mutations that abrogated GlcCer preference. Ser 1257 is predicted to be positioned in the lumenal loop between TM5 and TM6 (Fig. 5B) , and Dnf2 S1257Q reduced GlcCer and glycerophospholipid transport ( Fig. 5E ). Residues Thr 1266 and Leu 1270 may project directly toward Gln 655 along a parallel segment of TM6, and mutating either position impaired GlcCer selection (Fig. 5, D and E) . Thr 1266 mutations in particular strongly affected the GlcCer transport without impairing PC transport (Fig. 5, D and E) .
The Thr 1266 residue is not conserved in Dnf1 (Fig. S9, A and  B) ; therefore, we generated a new homology model of Dnf2 to more closely evaluate this region of the enzyme. Leu 1265 and Thr 1266 are predicted to flank the Gln 655 residue, potentially restricting the rotational flexibility of Gln 655 (Fig. S9C ). Dnf1 encodes two sequential methionines in the Dnf2 LT positions, and a Dnf2 L1265M,T1266M construct recapitulated the Dnf1 preference for GlcCer ( Fig. S9, F and G) . Replacing the LT with the ATP8A2 sequence (IG; Dnf2 L1265I,T1266G ), an enzyme that is not predicted to transport GlcCer, reduced GlcCer transport without impacting PC coordination (Fig. S9, F and G) . The lack of conservation in this region may suggest that these residues are not primary coordinators of GlcCer binding, but this position may help support a larger substrate-binding pocket or translocation pathway.
To test whether the mechanism of GlcCer recognition is conserved, we mutated the ProϪ4 and ProϪ3 positions in TM4 of ATP10A and ATP10D to assess their influence on PC and GlcCer transport (Fig. 6 ). The ATP10D Q381N,V382T mutant ablated GlcCer transport (Fig. 6B ), similar to its impact in Dnf2. The necessity of the ProϪ4 glutamine was confirmed by separating this TM4 motif into single mutants. Again, a simple change of a glutamine to asparagine impaired GlcCer transport (Fig. 6C) ; however, the single ATP10D V382T mutation elicited the unanticipated capacity to enhance GlcCer transport (Fig.  6C) . Finally, the ATP10A Q370N,V371T mutant did not impact PC transport (Fig. 6D) , thus reinforcing the specific and conserved role that the ProϪ4 position plays in GlcCer but not PC translocation.
The TM1 and TM6 residues defined in yeast are not conserved in the mammalian enzymes, yet we tested the influence of these positions on ATP10D and ATP10A GlcCer and PC transport. ATP10D L1148,I1149 and ATP10A L1123,I1124 correspond with the TM6 LT motif of Dnf2, and an ATP10D homology model similarly predicted their proximity to the ProϪ4 position ( Fig. 6I ). Both Leu 1148 and Ile 1149 in TM6 of ATP10D were critical for the transport of GlcCer (Fig. 6E) , whereas the corresponding residues in ATP10A played a minor role in PC transport (Fig. 6F ). ATP10D N110,W111 and ATP10A N98,F99 correspond to the GA motif in TM1 of Dnf2. ATP10D N110,W111 substitutions abolished GlcCer transport (Fig. 6G) , whereas ATP10A N98,F99 mutations moderately affected PC transport (Fig. 6H ). 
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Loss of lipid transport could be caused by enzyme misfolding, reduced expression, or improper trafficking. In addition, membrane proteins that misfold due to mutations are typically retained in the endoplasmic reticulum by the quality control machinery and degraded. Therefore, ATP10A and ATP10D expression and localization to the plasma membrane were determined by Western blotting, microscopy, and surface biotinylation ( Fig. S5 ) All enzymes with mutations in TM1, TM4, and the ATPase domain were robustly expressed and localized to the plasma membrane ( Fig. S5, A-C) . Mutations within TM6 of ATP10D did show a slight reduction in overall expression ( Fig. S5A ), but plasma membrane localization was similar to WT (Fig. S5, A and B) , suggesting general enzyme integrity and demonstrating proper trafficking. Moreover, the Dnf2 and ATP10A mutations described here abrogate GlcCer transport without substantially altering PC transport, indicating that the catalytic cycle is not perturbed by these mutations. Collectively, these experiments highlight conserved structural determinants of P4-ATPase-mediated GlcCer transport in TM1, TM4, and TM6. For TM4, a ProϪ4 glutamine is critical for GlcCer transport, whereas positions in TM1 and TM6 are conserved even though the specific amino acids at these sites differ.
Discussion
Bioactive sphingolipids are linked to numerous cell and physiological processes, including cell death/survival, cell proliferation, senescence, autophagy, migration, differentiation, adhesion, and inflammatory responses (36) . In addition, dysregulation of sphingolipid metabolism contributes to neurological disease, cancer, metabolic disorder, type 2 diabetes, hepatic steatosis, and cardiovascular disease (36 -39) . Whereas ceramides and sphingosines have received the most attention in this context, GlcCer is a central species in the metabolism of sphingolipids. GlcCer synthesis is a major consumer of ceramide in animal cells, and its breakdown can produce ceramide and sphingosine, yet GlcCer transport has been a particularly enigmatic topic. Although GlcCer is synthesized in the cytosolic leaflet of the Golgi, an unknown transporter carries it to the Golgi lumen, where it becomes the keystone substrate for a A, a sequence logo was created from an alignment of TM4 of P4-ATPases from different organisms, with letter size representing residue frequency and color denoting chemical characteristics. Hydrophilic residues are shown in green and purple, acidic residues in red, and hydrophobic residues in black. B, a focused alignment comparing a region of TM4 from S. cerevisiae, H. sapiens, and S. pombe, highlighting the YQS motif that was previously altered in S. cerevisiae Dnf1 (Fig. S7 ). C and D, the three YQS positions were tested for their influence on GlcCer preference (C) and selection (D), revealing that the central glutamine was the strongest determinant of GlcCer transport. E, homology model of Dnf1 with TM1-6 shown as pink cylinders and the rest of the protein colored green. GA, YQS, and WVAV motifs are represented by spheres and colored by element. PM boundaries are indicated. Variance was assessed with one-way ANOVAs, and comparisons with WT were made with Tukey's post hoc analysis. Although the YQS positions in C are presented in separate panels, their statistical variance was tested together. n Ն 9, Ϯ S.D. (error bars). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001.
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majority of more than 2000 different glycosphingolipids (40) .
Mechanisms for GlcCer transfer between serum lipoprotein particles (low-density lipoproteins and very low-density lipoproteins) and cells is also unclear, as is the distribution of
GlcCer between leaflets of cellular membranes. Thus, defining the transport mechanisms of this key lipid species will be essential to understanding how sphingolipids contribute to pathogenesis and how they may be leveraged for the treatment of human disease.
We report here the identification and molecular characterization of a family of GlcCer transporters conserved from yeast to humans. Phylogenetic analyses of S. cerevisiae, S. pombe, and H. sapiens P4-ATPases suggests that S. cerevisiae Dnf1,2 and S. pombe Dnf2 cluster with the ATP10 family of human P4-ATPases (Fig. 7) . Given the evolutionary distance between these three organisms, we propose that these five P4-ATPases represent a functional clade of glycosphingolipid flippases (Fig.  7) . We establish that the yeast enzymes are capable of transporting both NBD-GlcCer and NBD-GalCer, whereas the human enzymes appear to be specific for NBD-GlcCer. The difference between these two substrates is simply the orientation of a distal hydroxyl, highlighting the exquisite specificity of these enzymes. We believe that the translocation of these NBDlipids accurately reflects the transport of unlabeled lipids. Reconstituted lipid transport assays have shown that the NBDlipids reflect endogenous substrates (41, 42) , and our experiments here demonstrate that we are able to compete NBD-lipid transport with unlabeled lipids (Fig. S2) . The linkage between human and mice ATP10D and increased plasma GlcCer levels also suggests GlcCer is a substrate of these enzymes. However, shown as pink cylinders, the rest of the protein colored green, and the YQS motif represented by spheres and colored by element; PM boundaries are indicated. B, a 90°rotated and enhanced view of the peri-Gln 655 region formed by TM2, -4, and -6. C, enhanced view of TM1, -2, -3, and -4, which surround Gln 655 . Residues were selected for mutagenesis by identifying positions that were predicated to be planar with the YQS motif and are shown in sticks and colored by element. D and E, GlcCer preference (D) and selection (E) were examined for all positions, revealing that TM1, TM2, and TM6 positions were capable of altering GlcCer transport. One position required chemical specificity to alter GlcCer transport (Leu 264 ). Variance was assessed among data sets using one-way ANOVAs, and comparisons with WT were made with Tukey's post hoc analysis. n Ն 9, Ϯ S.D. (error bars). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001.
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additional work is needed to quantitatively assess transport of unmodified GlcCer by these P4-ATPases. We have shown that GlcCer transport by yeast and human P4-ATPases is strongly influenced by components of TM1, TM4, and TM6, at positions that are exoplasmic relative to the invariant TM4 proline. These residues do not affect PC transport ( Fig. S10 and Tables S3 and S4) , leading us to believe that we have not altered essential components required to appropri-
ately fold, traffic, and complete the P4-ATPase catalytic cycle. This mutagenic dissection of yeast and human enzymes leads us to propose that GlcCer is coordinated by a cluster of residues that act cooperatively.
There are two prevailing hypotheses that describe the mechanism of P4-ATPase substrate transport: (i) a hydrophobic gate model and (ii) a two-gate model (1, 2, 43) . The hydrophobic gate model proposes that substrate translocation is facilitated by the restriction and dilation of a cluster of hydrophobic residues centered around the middle of TM4 (21). The two-gate model suggests that "entry" and "exit" gates at the exoplasmic and cytoplasmic membrane interface will bind and transfer substrate along TM4 (33) . These models are complementary as they each describe different aspects of the enzymatic process, and indeed, the sequential passage of a substrate through a hydrophobic barrier would facilitate the directionality of P4-ATPase translocation as it transitions from entry to exit gates.
The principal determinant of GlcCer transport is a conserved TM4 glutamine at the ProϪ4 position. It was surprising that a Gln-to-Asn mutation was sufficient to ablate GlcCer transport in yeast and human enzymes. Glutamine and asparagine are chemically similar residues, only differing in the extension of their terminal amine (Fig. S11A) . However, the difference in a hydrocarbon provides additional rotational flexibility to the glutamine side chain, relative to asparagine. Homology models of Dnf2 and ATP10D predict that the ProϪ4 glutamine occu-pies a relatively open pocket within the TM domain of the enzyme (Fig. S11, B and C) . The glutamine side chain was easily sculpted around the ␤-␥ carbon bond within the Dnf2 and ATP10D models, and a 360°rotation around this bond was only restricted by Dnf2 Y1262 , Dnf2 L1265 , and Dnf2 T1266 or ATP10D Y1145 , ATP10D L1148 , and ATP10D I1149 (Fig. S11, B and  C) . Conversely, the rotation of the terminal amide of asparagine around the ␤-␥ carbon bond was unimpeded (Fig. S11, D and  E) . Thus, the flexibility and rotational capacity of the ProϪ4 amide may be an important component of GlcCer selection and translocation.
The ProϪ4 position was previously proposed to modulate the hydration of a pocket that preceded the hydrophobic gate (21). Vestergaard et al. (21) defined a conserved isoleucine at the Proϩ1 position as the primary component of a hydrophobic gate. The proximity of these two residues raises the possibility that the ProϪ4 glutamine may anchor a prehydrophobic GlcCer-binding pocket, similar to that proposed for phosphatidylserine coordination in ATP8A2 (21). However, it is clear that not all P4-ATPase substrates require these residues for transport, and they possibly use an alternative substrate pathway. The separation of function mutations in yeast Dnf1 and Dnf2 demonstrates that the ProϪ4 and its surrounding residues do not impact PC or PE transport, and mutagenesis data with human ATP10A and ATP10D support this separation of function. These results demonstrate that PC and GlcCer are coordinated differently and may be transported by independent pathways.
We previously proposed a substrate translocation pathway along a cleft bounded by TM1-3-4; this hypothesis was based on the position of residues we have previously mapped that are involved in PS selection by Drs2 and gain-of-function PS flipping variants of Dnf1 (20, 33, 44) . The TM1-3-4 cleft includes the TM1 GA-QQ motif that is important for PS and GlcCer selection. In contrast, the ProϪ4 Gln is modeled to project into a cleft bounded by TM2-4-6, and residues in TM6 also contribute to GlcCer selection. Moreover, prior mutagenesis work implicated this TM2-4-6 cleft in PS transport by ATP8A1. Thus, it is possible that different substrates can follow different translocation pathways along the protein-lipid interface. However, these respective models assume that the membrane domain is a relatively rigid body that would prevent penetration of the phospholipid between membrane segments. TM1 and -2 move substantially during the catalytic cycle of SERCA relative to the rest of the TM domain (45) . It is possible that phospholipid substrate penetrates between TM1 and -2 and TM3, -4, and -6 as it flips from the extracellular leaflet to the cytosolic A, sequence alignments of TM1, TM4, and TM6 of P4-ATPases are shown. Hydrophilic residues are indicated in green, red (negatively charged), and blue (positively charged), and hydrophobic residues are indicated in black. Three motifs, which were required for GlcCer preference in Dnf2, are underlined. The arrowheads indicate amino acids that were critical for ATP10D to transport GlcCer. B-H, NBD-lipid uptake was measured in HeLa cells stably expressing C-terminally HA-tagged ATP10A (WT), ATP10D (WT), each mutant (indicated), and parental cells (Ϫ); TM is numbered in parenthesis. B-D, the glutamine at TM4 ProϪ4 was critical for ATP10D to transport GlcCer but was dispensable for ATP10A to transport PC. E and F, the motif in TM6 was critical for GlcCer transport of ATP10D but was dispensable for PC transport of ATP10A. The experiments of panels E were performed together with panels C, and thus graphs (Ϫ) and WT of E are equivalent to those of C. Graphs display averages from three independent experiments Ϯ S.D. (error bars). -Fold increase of NBD-lipid uptake compared with parental cells (Ϫ) is shown. A one-way ANOVA was performed to assess variance in B-H, and comparisons with WT were made with Tukey's post hoc analysis. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001. I, TM1, -2, -3, -4, -5, and -6 are indicated in red, orange, pink, magenta, purple, and blue, respectively, and others are indicated in gray. Critical residues for GlcCer transport are indicated by green sticks. 
leaflet, allowing substrate to engage side chains from each lateral side of the membrane domain. The depth of this penetration could be substrate-dependent, and changing the chemical composition of residues in this region would facilitate the restriction or accessibility of different physically and/or chemically disparate substrates. Elucidating the precise mechanism of substrate translocation will be challenging, but work with other transporter families has yielded promising advances through the combination of crystallographic, computational, enzymatic, and spectroscopic approaches (46) . Fungi are heterotrophic eukaryotic organisms that will absorb materials from their environment to facilitate growth. Most yeast produce GlcCer, but both S. pombe and S. cerevisiae have independently lost the GlcCer synthase enzyme (47) . Therefore, the GlcCer transport activity in these organisms may have evolved to scavenge this lipid from plant material that yeast grow upon (48, 49) . This possibility would explain why Dnf1 and Dnf2 are intimately linked to sphingolipid homeostatic pathways (17) , even though S. cerevisiae and S. pombe do not endogenously produce these glycolipids. The translocation of this substrate could be leveraged to change membrane properties, as GlcCer supplementation has been shown to increase alkaline resistance in yeast (50) . Alternatively, imported GlcCer could be catabolized, and its backbone, N-linked acyl chain, and/or headgroup could be repurposed.
Membrane asymmetry is the difference in lipid composition between the two leaflets of the membrane and is a critical property of the plasma membrane. Simple alterations of this asymmetric structure can elicit substantial changes in biology, influencing micro-and macro-processes, such as vesicle budding (51) (52) (53) (54) , apoptosis (55) (56) (57) , phagocytosis (58 -60) , and many others. The majority of research has thus far examined the cellular and physiologic impact of glycerophospholipid asymmetry, yet our discovery of two endogenous human GlcCer flippases raises important questions about the impact of sphingolipid asymmetry. For example, it is known that there are three human glucocerebrosidases, enzymes that cleave the glucose headgroup from the ceramide backbone. Glucocerebrosidase 1 is the best understood, and mutations in the GBA1 gene lead to Gaucher's disease and Parkinson's disease (61) (62) (63) . Glucocerebrosidase 1 localizes to the lumen of the lysosome, yet glucocerebrosidase 2 and 3 localize to the cytosol (38) . It is unclear where glucocerebrosidase 2 and 3 obtain their cytosolic GlcCer substrates and what role they perform in sphingolipid homeostasis. ATP10A and ATP10D are importers of GlcCer and therefore may be providing cytosolic substrates for metabolism or signaling. Thus, we hypothesize that the transport activity of ATP10A and ATP10D toward GlcCer may be an important component of sphingolipid homeostasis and lipid metabolism in mammals.
Experimental procedures
Reagents
All yeast culture reagents were purchased from Sigma-Aldrich, as well as NBD-hexanoic acid. All other lipids used in this study were purchased from Avanti Polar Lipids (Fig. S2) . TLC materials and solvents used for lipid extraction were purchased from Fisher.
Strains and culture
S. pombe were cultured on YES medium, and S. cerevisiae were grown on synthetic defined (SD) medium unless examined in parallel with S. pombe. If examined in parallel with S. pombe, S. cerevisiae were grown and analyzed on YPD. All yeast and human cell lines used in the study are listed in Table  S1 , and plasmids are listed in Table S2 .
Establishment of HeLa stable cell lines, antibodies, and immunofluorescence analysis
HeLa cells were cultured as described previously (29) . HeLa cells expressing each C-terminally HA-tagged ATP8B4 and ATP10D (E215Q) were established as described previously (4, 30) . Sources of antibodies used in the present study were as follows: monoclonal rabbit anti-ATP1A1 (EP1845Y), Abcam; monoclonal rat anti-HA (3F10), Roche Applied Science; Alexa Fluor-conjugated secondary antibodies, Molecular Probes; Cy3-and horseradish peroxidase-conjugated secondary antibodies, Jackson ImmunoResearch Laboratories. Immunostaining was performed as described previously (64) and visualized using an Axiovert 200MAT microscope (Carl Zeiss, Thornwood, NY)
Lipid administration and flow cytometry (yeast cells)
NBD-lipid administration and analysis were performed as described previously (23) . Briefly, overnight yeast cultures were subcultured to 0.15 A 600 /ml and cultured to mid-log phase, and 0.5 ml of cells were collected per sample. The designated NBDlipid was solubilized in 100% ethanol and added to the designated ice-cold growth medium at a final concentration of 2 g/ml with final ethanol volumes Յ0.5%. Cells were suspended with the designated medium ϩ NBD-lipids and incubated on ice for 30 min, unless otherwise stated (kinetics analyses and TLC examinations). After 30 min, the cells were washed twice with ice-cold SA (SD medium ϩ 2% (w/v) sorbitol ϩ 20 mM NaN 3 ) supplemented with 4% (w/v) fatty acid-free BSA. All cells regardless of original medium growth were washed with ice-cold SD medium containing either dropout or complete amino acid supplements, respective to the strain/transformant requirements. Once washed with chilled 4% BSA-SA, cells were washed with ice-cold SA, resuspended in chilled SA containing 5 M propidium iodide, and analyzed immediately. A gating example is provided (Fig. S12) . The sequence of sample preparation and processing was varied in each experiment to mitigate potential positional experimental bias. Additional detail is provided in the supplemental Experimental procedures.
NBD-lipid administration and flow cytometry (human cells)
The incorporation of NBD-lipids was analyzed by flow cytometry as described (4) with some modifications. In brief, HeLa cells (in a 24-well plate) were washed and equilibrated at 15°C for 15 min in 500 l of Hanks' balanced salt solution (pH 7.4) containing 1 g/liter glucose (HBSS-glucose). The buffer was replaced with 1 M NBD-lipid in HBSS-glucose, and cells were further incubated at 15°C. After incubation for the indi-
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cated times, the buffer was replaced with ice-cold PBS(Ϫ) containing 2.5% (w/v) fatty acid-free BSA (Wako), 5 mM EDTA, and 0.5 g/ml propidium iodide (Nacalai Tesque), and cells were incubated on ice for 30 min. The detached cells (more than 10 4 cells/sample) were analyzed with a FACSCalibur (BD Biosciences) to measure the fluorescence of NBD-lipids incorporated and translocated into the cytoplasmic leaflet of the plasma membrane. Graphs for NBD-lipid flippase activities are expressed as the averages of three independent experiments Ϯ S.D. settings.
Protein homology modeling
All structural images were generated using PyMOL. The Dnf1 homology model was previously published (23) . Dnf2 and ATP10D homology models used for sculpting were generated using the intensive Phyre 2 modeling (65). The Phyre 2 intensive modeling process represents an unbiased approach. First, homologous templates are surveyed, and crude backbone models are generated and ranked by coverage and confidence; then loop fragments are modeled in 2-15-residue chunks. A protein folding simulator uses a heuristic process to synthesize multiple templates and leverages ab initio strategies for regions without predictions. Finally, side chains are placed using a rotamer library, optimized to avoid steric clashes. Unlike the threaded modeling approach, the intensive modeling process facilitates subsequent model manipulation. The Dnf2 model was generated from the synthesis of PDB entries 1MHS (66), 4WIT (67), 3B9B (68), 3IXZ (69), 2ZXE (70), 3B8C (71), 3B8E (72), whereas the ATP10D intensive model used PDB entries 1MHS (66), 3B9B (68), 3IXZ (69), 2ZXE (70), 3B8C (71), and 3B8E (72) . Residue sculpting within these models was manually performed via PyMOL, with residue shells and cushions set at 6 Å. The ATP10D model used in Fig. 6 was generated by threading the sequence over the structure of the Na/K pump (PDB entry 2ZXE) (70) using Phyre 2 (65) .
